Context: Genetic variability and perceived stress have been identified as likely predictors of psychoneuroimmune (PNI) symptoms in patients with cancer. In the clinical setting, the ability to identify the patients at greatest risk of development of severe PNI symptoms continues to be elusive.
INTRODUCTION
Clinically reliable tools that identify patients at high risk of development of distressing symptoms during cancer treatment are part of the promise of precision health. 1 A growing body of literature suggests a clear relationship between inflammatory cytokines, perceived stress, and psychoneuroimmune (PNI) symptoms in patients with cancer. Genetic variability in inflammatory cytokines and perceived stress have been identified as key factors in PNI symptom development. However, little research has been done evaluating whether cytokine genotypes 2 or perceived stress scores 3 are adequately specific to be used in the clinical setting to predict which patients will develop PNI symptoms.
Given the explosion of research in genetic and genomic relationships among cytokines, stress response, and cancer symptoms, [4] [5] [6] we attempted to evaluate 2 promising precision health approaches to identifying patients at increased risk of symptoms worsening in severity. The purpose of this study was to evaluate the feasibility of using cytokine genotypes and perceived stress scores as clinical predictors of PNI symptom severity in patients with a new diagnosis of advanced cancer compared with a sample of matched cancer-free controls. This study is a secondary analysis from a larger, longitudinal study of cancer symptom experiences and inflammation in patients with a new diagnosis of advanced cancer (in preparation). The underlying hypothesis is that biological variability in stress response is a contributor to PNI symptom severity; therefore, patients with advanced cancer and cancer-free control participants were included in this study to control for the role of cancer and cancer treatment. The foci of this analysis are to 1) describe the cytokine genotypes, perceived stress scores, and symptom severity over 6 time points and 2) evaluate the use of cytokine genotypes and perceived stress scores to predict symptom severity. By identifying patients at risk of high symptom burden, clinicians can provide targeted symptom management interventions to the right patients at the right time.
In patients with cancer, PNI symptoms (eg, pain, fatigue, disturbed sleep, memory problems, feeling upset, feeling sad, and lack of appetite) are highly prevalent, 7, 8 can be extremely distressing, and are associated with decreases in functional status and quality of life. 9,10 Breakthroughs in cancer symptom science have improved understanding of the factors that contribute to PNI symptom development in patients with advanced cancer. Indeed, a framework demonstrating the link between cytokines and symptom burden (ie, sickness behavior, which is a cluster of symptoms that include pain, fatigue, anxiety, and depression) has been discussed in the literature. 11 However, because of the sheer number of documented cytokines, little is known about specific cytokines that may be linked to high symptom burden. The ability to prospectively identify the patients at greatest risk of development of a high PNI symptom burden continues to elude both researchers and clinicians.
The conceptual model first posited by Cleeland et al 11 provides the guiding framework for this research (Figure 1 ). The model proposes that cancer and cancer treatments are the result of inflammatory cytokines released in the periphery by immunocytes. Downstream responses to these cytokines include release of glutamate, nitric oxide, prostaglandins, and substance P acting on various regions of the brain, which in turn lead to activation of the hypothalamicpituitary-adrenal axis and the associated sickness behavior symptoms of pain, loss of appetite, fatigue, memory changes, anxiety, and depressed mood.
Growing evidence suggests that variability in genes that code for inflammatory cytokines have been associated with interindividual variability in cancer symptoms. [12] [13] [14] [15] [16] [17] [18] For example, the single-nucleotide polymorphism (SNPs) rs1800629 in the tumor necrosis factor α (TNF-α) gene (TNFA) 19 and rs4719714 in the interleukin-6 (IL-6) gene 20 were found to be associated with overall ratings and trajectories of sleep disturbance and fatigue for patients with cancer. Similarly, IL-6 (rs2069845), IL-13 (rs1295686), and TNF-α (rs18800610) were found to be related to pain, fatigue, sleep disturbance, and depression in patients with breast cancer. 14 In addition, the physiologic stress response is 1 source of cytokine release that may contribute to variability in PNI symptom severity in patients with advanced cancer. 21, 22 Physiologic stress response refers to the physical arousal and outcomes that result from stressors, which are described as agents that cause psychologically stressful feelings of uncertainty, hardship, or anxiety. 23 In the context of advanced cancer, the physiologic stress response can become chronic as the stressor (eg, a life-threatening diagnosis) does not resolve. Chronic stress has been linked to increased levels of IL-6, 24 C-reactive protein, 25 and pro-inflammatory genes. 26, 27 Psychological variables, such as perceived stress scores, have been associated with PNI symptoms and shorter life expectancy in individuals with cancer. 3, 5 
METHODS

Setting, Sample, and Data Collection
The sample consisted of 21 patients with advanced-stage cancer and 21 cancer-free controls. All procedures described were approved by the University of Iowa institutional review board. Patients with a new diagnosis of advanced cancer were recruited from a large Midwestern comprehensive cancer center. Eligibility criteria for patients with cancer included age 18 years or older; diagnosis of stage IIIB or IV solid tumor with a primary origin of lung, pancreas, or colon-rectum; no prior cancer treatment; and scheduled to receive anticancer therapy (chemotherapy, immunotherapy, or targeted therapy) via intravenous infusion. Exclusion criteria included cancer treatment in the prior 12 months or unknown primary cancer site. Cancer-free controls' eligibility criteria included age 18 years or older and no active cancer or treatment of cancer in the prior 12 months. The cancer-free controls were recruited after data collection of the patients with cancer, allowing us to match the samples on age, sex, and race. Cancer-free controls were excluded if they currently had an active, acute inflammatory health condition (eg, current infection, uncontrolled asthma, autoimmune disorder).
Baseline data collection was scheduled to coincide with the day of the first planned infusion. Questionnaires and blood collection were completed for patients with cancer on the day of their scheduled infusions, beginning with the first infusion. Subsequent data collection occurred every 3 to 4 weeks for up to 6 time points (24 weeks). Blood samples were kept on ice until processing. The ethylenediaminetetraacetic acid (EDTA) tubes were centrifuged for 10 minutes, and the buffy coat layer was extracted by pipette and stored in a -62.2°C (-80°F) freezer.
Appointments for cancer-free controls were scheduled approximately 3 to 4 weeks apart to correspond with time lapses between cancer-affected patients' infusion appointments. Cancer-free control participants' blood was collected following the identical procedure described for patients with cancer.
Measures
Sociodemographics
Participants reported age, sex, and income on a standardized sociodemographic survey.
Perceived Stress
Perceived stress was measured using the Perceived Stress Scale 4. This scale measures levels of perceived stress in a general population. 28 Patients answer 4 items (eg, "In the last month, how often have you felt that you were unable to control the important things in your life?") on the basis of feelings and thoughts during the last month. Possible responses range from 0 ("never") to 4 ("very often"). Higher scores indicate greater levels of stress. The Perceived Stress Scale 4 has established reliability (α = 0.78) and validity in multiple populations. 29
Psychoneuroimmune Symptom Severity
Severity of PNI symptoms was measured using individual symptom severity items on the core MD Anderson Symptom Inventory. The symptom severity scale consists of 13 core symptoms that are frequently reported across cancer diagnoses. 30 Participants were asked to rate the severity of each symptom in the past 24 hours on a 0-to-10 numeric rating scale, with 0 meaning not present and 10 meaning worst severity possible. The core MD Anderson Symptom Inventory has well-established reliability and validity in cancer populations. [30] [31] [32] [33] Severity scores for pain, fatigue, disturbed sleep, memory problems, feeling upset, feeling sad, and lack of appetite were examined for this study. These symptoms were selected from the core MD Anderson Symptom Inventory for this analysis because they map directly onto the PNI symptoms proposed in the sickness behavior model ( Figure 1 ).
Genotypes
A candidate gene approach was used. On the basis of a review of the literature, 16 SNPs that are located in genes that are part of the inflammatory cytokine pathway and associated with functional changes in PNI symptoms were identified. These SNPs were selected using evidence of established functional associations with cancer and/or PNI symptoms available in the National Center for Biotechnology Information SNP database (dbSNP) at the time of the analysis. The center's dbSNP (www.ncbi.nlm.nih.gov/projects/SNP/) is a public-domain archive of documented genetic polymorphisms. All selected SNPs were documented to have more than 10% allele frequency in the dbSNP.
From the buffy coat layer of the ethylenediaminetetraacetic acid tubes, DNA was extracted using a nucleic acid extraction machine (QuickGene 610L, AutoGen, Holliston, MA). DNA quantification was performed using a fluorometer (Qubit 2.0 Fluorometer, Life Technologies Corp, Grand Island, NY), with quantities ranging from 0 to 800 ng/ µL; genotyping was attempted on available samples, regardless of quantification outcome. Assays (TaqMan SNP Genotyping Assays, Life Technologies, Carlsbad, CA) were used on a sequence detection system (ABI Prism 7900HT, Applied Biosystems Inc, Foster City, CA) to genotype the SNPs of interest. Results were analyzed with software (SDS 2.4, Applied Biosystems Inc) with a no-call rate of 3% in this sample. Participants were then dichotomized as homogenous wild type or mutant type (ie, 1 or 2 mutant alleles) for each SNP. The total number of mutant types was calculated as the sum score.
Data Analysis
Data from patients with cancer and cancer-free controls were examined as independent samples and as a pooled sample with the rationale that genetic variability and psychological characteristics (eg, perceived stress) exist independent of a diagnosis of cancer. Descriptive statistics of the study variables at all time points were computed. Items with missing responses were excluded from individual analyses, but no participants were excluded from the study because of systematic missingness. T-tests were used to compare differences in symptom severity scores on the basis of genotype for all 16 SNPs. Pearson 
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Are Perceived Stress and Cytokine Genotypes Clinically Feasible as Predictors of Psychoneuroimmune Symptoms in Advanced Cancer? correlation scores were calculated to determine bivariate relationships between perceived stress scores and symptom severity scores. The relationship between genotypes, perceived stress, and symptoms was evaluated across time because we expected symptoms to vary over time as a function of changes associated with ongoing activation of the hypothalamic-pituitary-adrenal axis from the cancer and cancer treatments. A significance level of 0.05 was used for statistical tests. SPSS Version 17 (SPSS Inc, Chicago, IL) was used for all analyses.
RESULTS
Sample Description
The total sample consisted of 42 participants. Patients with cancer (n = 21) and cancer-free controls (n = 21) were similar in demographic characteristics. Patients with cancer reported significantly higher perceived stress scores at baseline. Full descriptions of the sample are reported in Table 1 .
Cytokine Allele Frequencies
Allele frequencies were similar in both groups, with a difference of 15% or less for 12 of 16 SNPs evaluated ( Table 2) . There was a lower rate of wild type for IL-6 (rs2069832), wild type for IL-10 (rs1800872), mutant type for IL-10 (rs3024505), and mutant type for interferon (IFN)-γ (rs2098395) in patients with cancer compared with cancer-free controls. Chi-squared analysis revealed no statistical differences in the allele frequencies for all 16 SNPs except 1. For IL-6 rs1800795, the allele frequency for cancer-free controls was evenly distributed, but in patients with cancer, all were mutant type except 1 (p = 0.004). The total number of mutant alleles for the sample was 9.8 (± 0.9) with no difference between patients with cancer and cancer-free controls.
Symptom Severity
PNI symptom severity mean scores were higher for patients with cancer than for cancer-free controls for all symptoms at most but not all time points (Figure 2 ). Fatigue and disturbed sleep were the most severe symptoms reported by patients with cancer, followed by memory problems, lack of appetite, and pain. Feeling sad and feeling upset were the least severe symptoms. Mean symptom severity scores for cancer-free controls were very low, with slightly elevated fatigue scores at all time points. 
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. Differences in symptom severity between wild-type and mutant-type cytokine genotypes a
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Association Between Cytokine Genotype and Symptom Severity
Several cytokines' SNPs were associated with significant differences in symptom severity scores in cancer-free controls, patients with cancer, and a pooled sample of patients with cancer and cancer-free controls. The results were reviewed to identify any significant difference between individual SNPs and PNI symptoms at each time point. Only the SNPs with one or more significant differences were included in Table 3 . The results were highly variable across the various SNPs and PNI symptom combinations. Although there were a number of significant differences in symptom severity scores between mutant and wild types in patients with cancer, cancer-free controls, and the pooled sample, no clear patterns emerged among these relationships. No SNPs were found to be significantly related to differences in symptom severity across all time points. Two SNPs had multiple associations at multiple time points. In cancer-free controls, INF-γ rs2069718 was significantly associated with more severe scores for sleep and memory, and TNFAIP3 rs598493 was associated with more severe scores for sleep and fatigue.
Perceived Stress and Symptom Severity
Higher perceived stress scores were correlated with higher symptom severity for multiple symptoms at multiple visits in the pooled sample ( Table 4 ). The strength of some of these correlations was evident when cancer-free controls and patients with cancer were evaluated separately. Higher perceived stress was associated with high severity of memory problems and fatigue at every visit in the pooled sample. Pooled (n = 36) r = 0.359; p = 0.03 r = 0.422; p = 0.01 r = 0.432; p = 0.008 r = 0.642; p<= 0.001 r = 0.223; NS r = 0.520; p = 0.001 r = 0.528; p = 0.001 Cancer-free control (n = 19) r = 0.326; NS r = 0.455; p = 0.05 r = 0.196; NS r = 0.468; p = 0.04 r = 0.520; p = 0.02 r = 0.525; p = 0.02 r = 0.138; NS Cancer (n = 17) r = 0.303; NS r = 0.367; NS r = 0.396; p = 0.001 r = 0.687; p = 0.002 r = -0.115; NS r = 0.466; NS r = 0.607; p = 0.01 4
Pooled (n = 33) r = 0.568; p = 0.001 r = 0.330; p = 0.06 r = 0.413; p = 0.01 r = 0.433; p = 0.01 r = 0.248; NS r = 0.533; p = 0.001 r = 0.436; p = 0.03 
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DISCUSSION
The purpose of this study was to evaluate the feasibility of using cytokine genotypes and perceived stress scores as clinical predictors of PNI symptom severity over time. Cancer and cancer treatments are stressors that can result in PNI symptoms; however, variability in symptom severity is related to personal characteristics and not simply a function of the cancer. Our decision to use both patients with cancer and cancer-free control participants was based on the proposition that the development of PNI symptoms is related to genetic variability and biopsychological stress response. In this sample, in terms of demographic characteristics, patients with cancer and cancer-free controls were very similar, and both groups were also very similar with regard to allele frequencies for all the SNPs evaluated. This permitted comparisons of the 2 groups as well as an analysis as a pooled sample. Not surprisingly, patients with cancer had higher perceived stress scores at visit 1 and generally had higher PNI symptom severity scores across all time points compared with cancer-free controls.
In terms of possible predictors of PNI symptom severity for future research, only 2 SNPs stood out as having some consistency in correlations with symptoms; INF-γ rs2069718 and TNFAIP3 rs598493 had notable associations with symptom severity in cancer-free controls. Although careful attention was paid to exclude cancer-free controls who may have had an active or acute inflammatory process (eg, asthma, respiratory infection, autoimmune disease), it is plausible that the INF-γ and TNFAIP3 SNPs were associated with symptom severity in this sample of controls because of some underlying similarity in their comorbidities not measured in this study.
Although this study was not powered to detect symptom severity differences associated with genotypes, it is possible that the best SNPs to predict PNI symptoms were not selected for this analysis despite the best available evidence in the dbSNP. However, the results of this study do provide enough evidence to warrant a closer examination of the association between INF-γ rs2069718 and TNFAIP3 rs598493 SNPs and higher symptom burden. With 456 cytokine genes, greater than 63,000 SNPs, and 853 SNP-associated diseases, 34 results from this study are valuable in guiding future research.
Research has shown that people with cancer can experience as many as 11 concurrent symptoms, 7 and these symptoms can be very severe and distressing. Finding ways to predict which patients are at higher risk of increased symptom burden would be a meaningful advancement in cancer care. 35 Emerging research has linked certain genetic mutations to symptom severity in people with cancer. However, the human genome is complex, and many genetic mutations remain uninvestigated. In fact, a candidate gene approach, such as the one used in this study, may be too limited because the pleiotropic (and often unexpected) effects of genes continue to be discovered. 36 An underlying assumption of this research is that variation in cytokine genes will result in variation of the protein products of those genes. Future research is needed that includes measurement of circulating cytokines to further explore this aspect of the genotype to phenotype relationship in PNI symptoms.
One limitation of the study to acknowledge is the small sample size. As such, we evaluated only for bivariate relationships, and any significant levels reported should be evaluated within the context of the limited sample size. Despite the small sample size, this work presents an opportunity to report cytokine mutations in a sample of cancer and cancer-free control populations as well as the clinical feasibility of using cytokine SNPs and perceived stress scores to predict symptom severity.
CONCLUSION
The goals of the study were twofold: To report cytokine genotype mutations that may be responsible for symptom severity in people with cancer and to evaluate the practicality of using cytokine genotypes to predict symptom severity. Although we were unable to establish whether specific SNPs can be used as clinical predictors for symptom development, this work adds to the biobehavioral literature as an initial exploration of the clinical utility of specific genetic mutations as predictors of symptom burden. Several SNPs identified in this study warrant more detailed examination, because they have the potential to be useful clinical predictors of symptom burden. Future research using a multivariate approach, including genotype and perceived stress, would help move the answer to this question forward. In addition, the role of epigenetic changes and gene expression needs further exploration in the context of PNI symptoms and cancer.
Notably, perceived stress wer consistently related to severity scores for multiple PNI symptoms at several times. Assessing perceived stress can be easily done in the clinical setting to identify patients whose symptoms are at risk of worsening. Until the mysteries of the human genome are better understood, brief patient-reported measures such as perceived stress may be the best tools for predicting symptom burden in patients with cancer. v
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